Background: Neurosteroids mediate stress signaling and have been implicated in the pathogenesis of post-traumatic stress disorder (PTSD) in both preclinical and clinical studies. Compared to controls, subjects with PTSD exhibit altered neurosteroid levels in peripheral blood and cerebrospinal fluid as well as hypoactivity in the medial orbital frontal cortex (mOFC). Therefore, the aim of this study was to compare neurosteroid levels in the mOFC of subjects with PTSD (n ¼ 18) and controls (n ¼ 35). Methods: Gray matter was dissected from fresh-frozen mOFC, and levels of the neurosteroids pregnenolone, allopregnanolone, pregnanolone, epiallopregnanolone, epipregnanolone, tetrahydrodeoxycorticosterone, and androsterone were determined by gas chromatography-tandem mass spectrometry. Results: Analyses of unadjusted levels revealed that males with PTSD had significantly decreased levels of allopregnanolone (p ¼ 0.03) compared to control males, and females with PTSD had significantly increased levels of pregnenolone (p ¼ 0.03) relative to control females. After controlling for age, postmortem interval, and smoking status, results showed that males with PTSD had significantly decreased levels of androsterone (t 46 ¼ 2.37, p ¼ 0.02) compared to control males and females with PTSD had significantly increased levels of pregnanolone (t 46 ¼ À2.25, p ¼ 0.03) relative to control females. Conclusions: To our knowledge, this is the first report of neurosteroid levels in postmortem brain tissue of subjects with PTSD. Although replication is required in other brain regions and a larger cohort of subjects, the results suggest a dysregulation of allopregnanolone and androsterone in males with PTSD and pregnanolone in females with PTSD in the mOFC.
Introduction
Neurosteroids are naturally occurring molecules synthesized de novo in the brain from cholesterol. 1 Pregnenolone is synthesized from cholesterol and serves as a precursor for other neurosteroids, including the pregnane neurosteroids, such as allopregnanolone, pregnanolone, epiallopregnanolone, epipregnanolone, and tetrahydrodeoxycorticosterone (THDOC), as well as androstane neurosteroids, such as androsterone. 2 In addition to synthesis in the brain, steroids are also synthesized in the periphery, and these neurosteroids appear to cross the blood-brain barrier and mediate stress-signaling pathways. 3, 4 Neurosteroids impact pathways that modulate gene expression and rapidly alter excitatory and inhibitory neurotransmission through ligand-gated ion channels, including gamma-aminobutyric acid (GABA) type A 5, 6 and N-methyl-D-aspartate receptors, 7 as well as other cell surface receptors. 8 For example, allopregnanolone, pregnanolone, THDOC, and androsterone are positive allosteric modulators of GABA A receptors, while epiallopregnanolone and epipregnanolone are negative allosteric modulators of GABA A receptors. 9, 10 In addition, neurosteroids affect multiple cellular processes, such as myelination, apoptosis, neuritic outgrowth, and neurogenesis, 4, 6, 8 as well as neuronal systems, including those underlying cognition, emotion, and motivation. 11 Neurosteroids have been implicated in stress response regulation 6 and the pathophysiology underlying several mental disorders, especially stress and stress-related psychiatric disorders. [12] [13] [14] [15] [16] [17] Multiple studies have shown that the endogenous production of neurosteroids is affected by stress 16 and that patients with various neuropsychiatric conditions, including bipolar disorder, schizophrenia, major depression, traumatic brain injury, and post-traumatic stress disorder (PTSD), exhibit disruptions of their hypothalamic-pituitary-adrenocortical axis and altered levels, as well as reactivity, of neurosteroids in peripheral blood, cerebrospinal fluid, and postmortem brain tissue. 2, 8, 12, 18 Both clinical and preclinical studies have shown that the levels of neurosteroids, particularly those that impact GABAergic neurotransmission, are decreased in subjects with PTSD 2, 19 and differ by sex. 2, 19 A number of animal models have shown that neurosteroids are involved in the development and treatment of PTSD-related behaviors. 2, 20 The administration of an allopregnanolone stimulant alleviates fear extinction deficits in a rodent model of PTSD that exhibits decreased allopregnanolone levels in corticolimbic regions. 21, 22 The biosynthesis of allopregnanolone is also decreased in patients with PTSD. 15, 23 In addition, androsterone, an inhibitory androstane neurosteroid, and its precursor, dehydroepiandrosterone, have been shown to be neuroprotective and associated with stress resilience. 15, 24 Both the serum and brain levels of androsterone increase in response to acute stress. 25 Accumulating evidence collected from postmortem and neuroimaging studies of PTSD suggests that brain structure and function, especially in subregions of frontal cortex, amygdala, and hippocampus, are altered in patients with PTSD. 26, 27 The hippocampal and anterior cingulate cortical volumes are decreased in patients with PTSD. 28 Functional imaging studies of patients with PTSD have reported hypoactivity of the ventromedial prefrontal cortex, including the medial orbital frontal cortex (mOFC). [29] [30] [31] [32] [33] Few postmortem studies of subjects with PTSD have examined the mOFC. Interestingly, studies involving human postmortem mOFC have reported stress-induced differences in dendritic spine density 34 and reductions in spine density in subjects with PTSD. 35 The mOFC is involved in the extinction of conditioned fear and reward processing, 36, 37 processes that are abnormal in subjects with PTSD. 38, 39 Therefore, in this study, neurosteroid levels were quantified in the mOFC of postmortem subjects with PTSD in order to gain a greater understanding of how the mOFC may contribute to dysregulation of these pathways.
The pathophysiological processes underlying the observed alterations of neurosteroid levels in patients with PTSD remain unclear. In addition, to our knowledge, no studies to date have measured neurosteroid levels in postmortem brain tissue from individuals with PTSD. Therefore, guided by prior research, the aim of this preliminary study was to compare neurosteroid levels in the mOFC of postmortem subjects with PTSD and controls.
Methods
Fresh-frozen tissue was obtained from the brains of subjects with PTSD (n ¼ 18) and controls (n ¼ 35) from the Duke Neuropsychiatric Brain Bank. Informed consent for brain donation was obtained from the next of kin (NOK) of each subject. All aspects of this work were approved by the Duke University School of Medicine institutional review board.
Information about the donor's medical history was obtained from interviews with the NOK that also included a structured interview using the Mini-International Neuropsychiatric Interview. 40 Psychiatric diagnoses were determined by a consensus review process conducted by at least two psychiatrists who reviewed the NOK interviews and medical records of each donor. In any cases involving disagreement, a third psychiatrist was consulted to determine the diagnosis. The criteria in the Diagnostic and Statistical Manual of Mental Disorders, Version IV, 41 were utilized for determining postmortem psychiatric diagnosis. Subjects were categorized as controls if their medical records and NOK interviews confirmed they had no known history of psychiatric symptoms or substance abuse.
Subject Demographics
A total of 53 subjects were included in this study (PTSD: n ¼ 18, controls: n ¼ 35; see Table 1 ). The groups did not differ significantly for age or sex. However, the groups differed significantly for postmortem interval (PMI; t 51 ¼ 2.57; p ¼ 0.013), ethnicity (Fisher's exact test, p ¼ 0.001), and smoking (Fisher's exact test, p ¼ 0.001). Compared to the control group, the subjects with PTSD had a shorter PMI (26.6 AE 10 h vs. 35.5 AE 12.8 h), a greater racial proportion more likely to be white (72.2% vs. 28.6%), and a history of smoking (94.4% vs. 20.0%) (see Table 1 ).
Postmortem Brain Samples
All specimens were free of confounding gross or microscopic neuropathology. Fresh-frozen tissue samples from the mOFC (Brodmann area 11) were sampled from each subject, and approximately 80 mg of tissue was collected from cryosections. The collected tissue from each sample was stored in individually washed and salinized vials at À80 C until analysis.
Quantification of Neurosteroids
The levels of neurosteroids, including pregnenolone, allopregnanolone, pregnanolone, epiallopregnanolone, epipregnanolone, THDOC, and androsterone were determined in each subject using gas chromatographytandem mass spectrometry (GC/MS/MS), preceded by high-performance liquid chromatography (HPLC). This technique has a limit of quantification of 2 pg, as described previously, 17, 42, 43 and was modified to use electron impact ionization mode.
The tissue was initially subjected to triplicate liquidliquid extractions using ethyl acetate. Combined extracts were further purified by collecting the fractions of interest from an Agilent 1100 HPLC system equipped with a 25 cm Â 4.6 mm Â 5 mm LiChrosorb Õ Diol-5 HPLC column under normal-phase conditions. Purified samples were subsequently derivatized with heptafluoroacetic anhydride and injected onto an Agilent 7013A gas chromatography/triple quadrupole mass spectrometer (GC/ MS/MS) with chromatographic separations performed on the interfaced Agilent 7890B GC. A 2 -ml splitless injection was used on a 30.0 m Â 0.25 mm Â 0.25 mm installed HP-5MS GC column.
Twenty percent of the injections were performed in duplicate. The mean intra-assay coefficients of variation for the subset of samples (20% of the entire sample set) run in duplicate were 4.8% for pregnenolone, 2.6% for allopregnanolone, 12.1% for pregnanolone, 4.7% for epiallopregnanolone, 7.9% for epipregnanolone, 7.2% for THDOC, and 6.5% for androsterone. Multiple reactions monitoring transition states were optimized for precursor and product ions using the two most intense precursor-to-product ion transitions for each analyte. The more intense transition was used for target ion quantitation, and the second one was used as the reference ion for structural confirmation (qualifier ion) and added specificity. All neurosteroid measurements were conducted blind to group condition.
Statistical Analysis
The descriptive data are presented as means, standard deviations, minimums, lower quartiles (Q1), medians, upper quartiles (Q3), and maximums separately for males and females. Differences in the levels of neurosteroids between the subjects with PTSD and controls were assessed in R (version 3.4.4, 2018-03-15). 44 The initial analyses stratified the data by gender and compared the two groups using Wilcoxon rank-sum tests. Subsequently, linear regression analyses controlling for smoking status, PMI, and age, which have been shown to affect postmortem and/or neurosteroid measures, 17, 45, 46 were used to examine the data for each neurosteroid in all of the subjects. Because neurosteroid levels (and possibly also the underlying pathophysiology of PTSD) differ according to gender, 46, 47 between-group differences were next examined within each gender using the estimated marginal means that were derived from the regression. Prior to the linear regression analyses, the data for each neurosteroid were transformed to normality using a Box-Cox transformation 48 via the following formula: T(Y) ¼ (Y À 1)/, where Y is the neurosteroid level, and is the transformation parameter. For ¼ 0, the formula ln (Y þ 1) was used in place of the above formula. values that ranged from À2 to 2 with 0.1 increments were used to transform each neurosteroid level, and the appropriate was selected based on the highest Shapiro-Wilk test statistic and the significance value closest to 1.0 (indicating that the transformed values were normally distributed). p values < 0.05 were considered statistically significant, and p values > 0.05 and < 0.10 were reported as trends. Effect sizes for significant comparisons were calculated based on p values and number of subjects. 49 
Results

Neurosteroid Levels in the mOFC
The neurosteroids pregnenolone, allopregnanolone, pregnanolone, epiallopregnanolone, epipregnanolone, THDOC, and androsterone were all detected at physiologically relevant concentrations in the mOFC of the subjects with PTSD and controls (see Table 2 and Figure 1 ). 42 
Group Differences in Neurosteroids Stratified by Sex
Primary Analysis. In the primary analysis (see Tables 3  and 4 , Figure 1 ), the raw data for each neurosteroid were stratified by gender and compared between the two groups. The results revealed that, compared to the control subjects, males with PTSD had significantly decreased levels of allopregnanolone (p ¼ 0.03, effect size ¼ 0.8307) and a trend for decreased levels of androsterone (p ¼ 0.08, effect size ¼ 0.6666; Table 3 ). Females with PTSD had significantly increased levels of pregnenolone (p ¼ 0.03, effect size ¼ 1.0964) and a trend for increased levels of pregnanolone (p ¼ 0.07, effect size ¼ 0.9129; Table 4 ).
Linear Regression Models Adjusting for Potential Confounds. We further analyzed the data for each neurosteroid by first transforming the data to normality using a Box-Cox transformation and then using a linear regression model that controlled for age, PMI, and smoking status. Between-group differences were then examined within each gender using the estimated marginal means derived from the regression. As shown in Figure 2 
Discussion
To our knowledge, this study is the first to quantify neurosteroids in postmortem brain tissue of subjects with PTSD. The results of this preliminary study in the mOFC showed that the levels of androsterone (and to a lesser extent allopregnanolone) were decreased in males with PTSD compared with control males. Conversely, levels of pregnanolone were significantly increased in females with PTSD compared with control females. These results suggest that the levels of some neurosteroids may be altered in the mOFC of subjects with PTSD and that these alterations may differ by sex. Previous reports have suggested that neurosteroids are decreased in subjects with PTSD. 16, 19, 23 For example, we previously reported that the serum levels of pregnenolone, allopregnanolone, and androsterone were significantly decreased in male patients with PTSD. 50 Similarly, a recent study has shown that the levels of allopregnanolone and pregnanolone in cerebrospinal fluid are negatively correlated with total PTSD symptoms in males with PTSD. 19 The present results in human postmortem brain tissue showing a significant reduction of androsterone and allopregnanolone in males with PTSD are consistent with these prior observations in peripheral samples. Although preliminary, the present results potentially converge to suggest a dysregulation of androsterone in males with PTSD in at least one brain region previously linked with PTSD. It is unclear why we found a significant increase in the levels of pregnanolone in females with PTSD. However, multiple studies have suggested that steroid levels exhibit sex differences 51 and that the pathophysiological mechanisms underlying PTSD in females may differ from those in males. 52 Additionally, as discussed in the limitations below, there are numerous potential confounds that impact the interpretations of male versus female findings in PTSD.
A number of neurosteroids, including allopregnanolone, pregnanolone, and androsterone act as positive allosteric modulators of the GABA A receptor. 6 Changes in this receptor and its modulators are thought to reflect the pathophysiological mechanisms that underlie the anxiety observed in patients with PTSD. 13 The results of multiple studies have suggested that the levels of neurosteroids, including allopregnanolone, decrease in response to chronic stress. 21 Thus, our observed changes in the levels of neurosteroids in subjects with PTSD may reflect evidence that subjects with PTSD have impaired GABAergic neurotransmission, as reviewed elsewhere. 6, 15, 16 This preliminary study had a number of limitations. First, there was no information regarding menstrual status or whether subjects were taking supplemental hormones, all of which may have an effect on neurosteroid levels. For example, neurosteroid levels differ according to a female's menstrual, menopausal, and oral contraceptive use status, 2, 17, 23 which might have uniquely impacted the female PTSD group. 27 In addition, selective serotonin reuptake inhibitors, which are used to treat patients with PTSD, have been shown to induce allopregnanolone synthesis. 53, 54 Second, the females with PTSD were slightly younger (age range: 35-51 years) than the female controls (age range: 44-57 years). Such an age difference could contribute to our finding of significantly higher levels of pregnanolone in the female subjects with PTSD since neurosteroids have been shown to decrease with age. 55 Third, smoking status differed significantly between the groups. In the control group, 20% of the subjects smoked, while 94.4% of the subjects with PTSD smoked. Subjects with PTSD have a higher incidence of smoking compared with that of the general population, 56 and smoking status needs to be accounted for in studies of PTSD. 15 However, previous findings that smoking is positively associated with allopregnanolone levels 57 suggest that our findings of decreased levels of allopregnanolone in male subjects with PTSD were not due to smoking and might actually underestimate the true levels in these subjects.
Because of these limitations and the relatively small number of samples included, the current results should be viewed as preliminary as they await replication in a larger sample of subjects carefully matched for age, smoking status, and PMI. Furthermore, neurosteroid levels should be measured in other brain regions, such as the prefrontal cortex, amygdala, and hippocampus, regions that have been directly implicated in the pathophysiology of PTSD. 27 Future directions include expanding the number of samples in these cohorts and examining neurosteroid expression levels in subjects with other diagnoses, such as major depression, as well as measuring the activity of enzymes involved in the production of neurosteroids, in order to gain better insight into the sex differences of neurosteroid levels in subjects with PTSD.
Conclusion
Consistent with prior and emerging literature, these preliminary results suggest that males with PTSD exhibit differences in the levels of some neurosteroids, particularly androsterone and allopregnanolone, in the mOFC. More extensive investigations of neurosteroids in larger samples and additional brain regions are needed.
